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RECQL4 is a human RecQ helicase which is mutated in approximately two-thirds of individuals with
Rothmund–Thomson syndrome (RTS), a disease characterized at the cellular level by chromosomal instabil-
ity. BLM and WRN are also human RecQ helicases, which are mutated in Bloom and Werner’s syndrome,
respectively, and associated with chromosomal instability as well as premature aging. Here we show that pri-
mary RTS and RECQL4 siRNA knockdown human fibroblasts accumulate more H2O2-induced DNA strand
breaks than control cells, suggesting that RECQL4 may stimulate repair of H2O2-induced DNA damage.
RTS primary fibroblasts also accumulate more XRCC1 foci than control cells in response to endogenous
or induced oxidative stress and have a high basal level of endogenous formamidopyrimidines. In cells treated
with H2O2, RECQL4 co-localizes with APE1, and FEN1, key participants in base excision repair. Biochemical
experiments indicate that RECQL4 specifically stimulates the apurinic endonuclease activity of APE1, the
DNA strand displacement activity of DNA polymerase b, and incision of a 1- or 10-nucleotide flap DNA sub-
strate by Flap Endonuclease I. Additionally, RTS cells display an upregulation of BER pathway genes and fail
to respond like normal cells to oxidative stress. The data herein support a model in which RECQL4 regulates
both directly and indirectly base excision repair capacity.

INTRODUCTION

Rothmund–Thomson syndrome (RTS) is a rare, autosomal
recessive disorder associated with a characteristic skin rash
(poikiloderma) that begins in infancy, small stature, skeletal
dysplasia, radial ray defects, sparse hair and eyebrows and
occasional cataract formation. Approximately one-third of
individuals with RTS develop osteosarcoma at a median age
of 11.5 years. Other malignancies are rarely seen but can
include cutaneous squamous cell carcinoma and myelodyspla-
sia (1). A high incidence of chromosome abnormalities,
mainly mosaic trisomies and isochromosomes, are found in
RTS cells and are assumed to underlie the cancer predisposi-
tion of these patients (1,2).

Two-thirds of RTS individuals have a RECQL4 mutation
(and 90% of these patients have a mutation in both
alleles) (3). Thus far, all genotyped RTS individuals who
develop osteosarcoma carry a mutation in RECQL4 (3).
RECQL4 mutations also cause RAPADILINO (Radial and
patellar aplasia) (4) and Baller-Gerold (bilateral radial aplasia
and craniosynostosis) syndromes (5). The genomic structure
of the RECQL4 gene is unusual in that it has short introns
(,100 bp) that are spliced inefficiently (6–8). Consequently,
mutations in both the introns and exons of RECQL4 can
cause RTS.

RecQ family helicases unwind DNA in a 30 to 50 direction in
an ATP hydrolysis-dependent manner (9). RECQL4 shares
homology to the highly conserved central helicase domain
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of RecQ helicases, including the Walker A-box motif, which is
partially responsible for ATP binding and hydrolysis.
However, RECQL4 does not share homology to two other
conserved RecQ motifs, RecQ C and HRDC, which are
present in human BLM and WRN RecQ helicases. It is
unclear whether RECQL4 possesses helicase activity
(10,11). Previously it was reported that RECQL4 lacked heli-
case and translocase activity (10). However, a recent report
suggests that RECQL4 has two domains capable of DNA
unwinding, one in the N-terminus and another within the heli-
case domain (11). The N-terminal region of RECQL4, which
is not conserved in other RecQ helicases, has weak homology
to yeast Sld2/DRC1, which is essential for the initiation of
replication in yeast (12,13). Xu and Liu (11) suggest that
RECQL4’s helicase activity was masked by its more robust
DNA annealing activity.

The function of RECQL4 and the cellular pathways in
which it is involved remains poorly understood. However, it
has been proposed that RECQL4 may play similar biological
roles as human BLM and WRN. BLM- and WRN-deficient
cells show genomic instability and increased sensitivity to
ionizing radiation, reduced DNA repair synthesis, delayed S
phase and hypersensitivity to agents that interfere with DNA
replication (10,12,14). The cellular phenotype of RTS cells
appears to be somewhat variable, which may reflect the
genetic heterogeneity of these cells. Some RTS cell lines
show lower survival and reduced DNA repair synthesis in
response to radiation-induced DNA damage, while some
RTS cell lines are not hypersensitive to radiation (15–19).
Similarly, some RTS cells are proficient in nucleotide excision
repair (20,21), while other RTS cells are hypersensitive to UV
irradiation (22). Several RTS cell lines are not hypersensitive
to bifunctional alkylating agents (18), and one RTS cell line
was reported to undergo irreversible growth arrest after treat-
ment with H2O2 (23); however, another study reported that
several RTS cell lines are not hypersensitive to H2O2 (24).
Embryonic fibroblasts from a mouse with a targeted deletion
in RECQL4’s helicase domain (exon 13) are not hypersensi-
tive to UV or g-irradiation (25). The heterogeneity in the
response of RTS cell lines to DNA damage could be due, in
part, to the fact that not all RTS cell lines have a defect in
RECQL4. One-third of RTS patients have a mutation in an
unknown gene product (3).

Interestingly, RECQL4 is present in both the nucleus and
cytoplasm of human cells (26), while BLM and WRN are
localized exclusively to the nucleus. In the nucleus,
RECQL4 is associated with pro-myelocytic leukemia (PML)
bodies, and with DNA double-strand break (DSB)-induced
Rad51 foci (27). RECQL4 also accumulates in nucleoli, in
cells treated with H2O2 or streptonigrin (28). The association
of RECQL4 with PML bodies and Rad51 foci suggests that
RECQL4 may play a role in DSB repair via homologous
recombination (29). However, RECQL4 also interacts with
PARP-1, and localization of RECQL4 to nucleoli is inhibited
by a PARP-1 inhibitor (28). This observation, and the sensi-
tivity of some RTS cells to oxidative DNA damage, as dis-
cussed earlier, suggests a possible role for RECQL4 in base
excision repair (BER).

BER is the major mechanism for repairing oxidative DNA
lesions. BER appears to be essential for viability in higher

animals, because knockout mice for APE1/HAP1 (30), DNA
polymerase b (POL b) (31), Flap Endonuclease I (FEN1)
(32), XRCC1 (33), DNA ligase I (34) and DNA ligase III
die in embryonic stages (35). There are two BER sub-
pathways: short-patch BER, which involves a one nucleotide
repair patch, and long-patch BER, which involves a 2–7
nucleotide repair patch. The initial step in BER is recognition
and excision of base lesions a DNA glycosylase (36). DNA
glycosylases catalyze hydrolysis of the N-glycosylic bond,
releasing the damaged base to form an abasic (or apurinic/
apyrimidinic; AP) site. The efficient repair of abasic sites is
critical, because they are mutagenic lesions. In BER, an
incision is made immediately 50 to the AP site by apurinic
endonuclease 1 (APE1), leaving a 50 terminal deoxyribose
phosphate (dRP) group (37). For short patch BER, DNA poly-
merase b (POL b) is recruited to the site to fill-in the single
nucleotide gap and to remove the dRP group (38). The nick
is then sealed by the DNA ligase III/XRCC1 complex (39).

Some DNA lesions inhibit the lyase activity of POL b (e.g.
a reduced dRP group), and under these conditions strand dis-
placement DNA synthesis is required. This is performed
through the incorporation of multiple nucleotides (typically
2–7) by long patch BER (40). Strand displacement DNA syn-
thesis is mediated by a proliferating cellular nuclear antigen-
dependent polymerase, POL 1 or d (or by POL b), and repli-
cation factor C (41). Flap endonuclease, FEN1, then cleaves
off the resulting flap structure, leaving a nick to be sealed
by DNA ligase I (42).

Single strand break (SSB) repair is another subpathway of
BER. SSBs can be generated directly by DNA damaging agents
or during processing of base damage during BER. XRCC1 foci
formation is a standard method for monitoring SSB formation
(43,44). In situations of non-conventional SSB termini (e.g.,
30-phosphate), additional enzymes, including APE1, PNK,
TDP1 or Aprataxin, are required to regenerate a 30-OH or 50-P
terminus prior to SSB repair (43,44). This study examines a
possible role for RECQL4 in several aspects of BER.

RESULTS

Defective repair of H2O2-induced DNA lesions in RTS
and RECQL4 knockdown cells

We have previously compared the normal human primary
MRC5 cells to WRN deficient cells using the comet assay
after H202 (45) and therefore elected to use the MRC5 cells
in our analysis here. The primary RTS cell line, AG05013,
was derived from a 10-yr-old male and carries two different
frame shift mutations in RECQL4 (46,47). Based on Kitao
et al. (47), one allele has a frame shift mutation in the RecQ
helicase domain and in the other allele, the mutation is situated
just beyond the RecQ helicase domain at amino acid 830.
Neither allele gives rise to the expression of stable RECQL4
truncated proteins (26). These RTS cells along with the
normal human fibroblasts, MRC5, were exposed to H2O2

and the number of Fpg-sensitive DNA lesions was estimated
using the comet assay. The cells were treated with H2O2

(500 mM) for �30 min (15 min in culture medium on ice
and 15 min in agarose suspension), lysed and treated with E.
coli Fpg prior to analysis (Fpg converts oxidative DNA
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lesions to SSBs). Comet tail length and Olive tail moment
(OTM) were calculated from images of �50 cells as described
in Materials and Methods. Mean OTM values were calculated
using the data shown in Fig. 1A, and they were significantly
different for the AG05013 RTS (OTM 650+ 26) and
MRC5 normal (OTM 395+ 17) cells (two-tailed Student’s
t-test P-value 1.5 E211) (Fig. 1A). The above results suggest
that RTS cells are hypersensitive to H2O2-induced DNA
damage.

This observation was confirmed using U2OS osteosarcoma
cells transiently transfected with siRNA to RECQL4 that has a
60–90% knockdown efficiency (Fig. 1B). As observed in H2-

O2-treated RTS cells, RECQL4 knockdown U2OS cells had a
significantly higher mean OTM (52.5) than control cells (38.1)
(two-tailed P-value 0.007; Fig. 1C). Defective repair of H2O2-
induced DNA damage was also observed in RECQL4 knock-
down cells 3 h after removal of H2O2. Thus, a longer tail
length (P-value 0.003; data not shown) and a trend towards
a higher mean OTM (two-tailed P-value 0.07; Fig. 1D) was
observed in RECQL4-knockdown cells when cells were
given a 3 h recovery period after treatment with H2O2 before
comet assay was performed. These data suggest that the

RECQL4-deficiency is associated with a defect in the repair
H2O2-induced DNA damage.

Increased number of XRCC1 foci in RTS cells

XRCC1 foci are important markers of SSBs in vivo (44), and
they can be readily visualized using immunofluorescence and
confocal microscopy. XRCC1 foci formation was monitored
after exposure to 100 mM H2O2 in primary normal
GM00323 and RTS fibroblasts AG05013 fibroblasts. XRCC1
foci were measured without treatment (0 h) and after treatment
plus 3, 6 or 9 h following exposure to 100 mM H2O2 (Fig. 2A).
The average number of foci per cell observed is shown in
Fig. 2B. The images show that both basal and H2O2-induced
XRCC1 foci are more abundant in RTS cells than in normal
cells.

High endogenous level of FapyG and 8-oxoG in RTS cells

The relative abundance of 2,6-diamino-4-hydroxy-5-
formamidopyrimidine (FapyG) and 8-oxoG was measured
in primary normal GM00323 and AG05013 RTS cells.

Figure 1. Comet assay of RTS and RECQL4 knockdown cells treated with H2O2. (A) Comet assay for RTS fibroblasts. Exponentially growing normal, MRC5, or
RTS, AG5013, cells were treated with 500 mM H2O2 for 15 min on ice, and comet assay was performed as described in Materials and Methods. (B) Western blot
analysis of U2OS cells treated with RECQL4 siRNA. Blot was probed with the indicated antibody. Western blot of U2OS whole cell extracts showing the knock-
down effects of RECQL4 siRNA: (1) No treatment; (2) Negative control siRNA; (3) RECQL4 siRNA; (4) Purified RECQL4 protein (�5 ng). (C) Comet assay
for RECQL4 knockdown U2OS cells treated with H2O2. RECQL4 knockdown U2OS cells were treated with 500 mM H2O2 for 15 min and comet assay was
performed as described in Materials and Methods. (D) Comet assay for RECQL4 knockdown cells with 3 h recovery after treatment with H2O2. Same as in
(C), except cells were incubated for 3 h in fresh medium lacking H2O2 before comet assay was performed. Comet assay data was analyzed using Komet 5.5
software. Shown is the percentage of cells with the observed Olive Tail moment values. In order to graphically represent the OTMs, the data were binned
into 10–12 segments and, unless otherwise noted, the median of the bin is displayed on the X-axis.
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DNA was isolated from the cells, digested with P1 nuclease
and treated with alkaline phosphatase, then analyzed by GC/
MS. The results showed a significant �3-fold higher level
of FapyG (P ¼ 0.03) in the RTS cells than in the normal
cells (Fig. 3). In contrast, the 8-oxoG levels were not statisti-
cally significantly changed.

Interactions between RECQL4 and BER proteins

The above results suggest that RECQL4 may play a role in the
response to H2O2 -induced DNA damage, which is largely
repaired by BER. Thus, possible physical interactions between
RECQL4 and the three core BER proteins APE1, POL b and

Figure 2. XRCC1 foci in RTS cells treated with H2O2. The GM00323 normal (A) and AG5013 RTS fibroblast (B) cell lines were incubated in the absence (0 h)
or presence of 100 mM H2O2 for 15 min, and then fixed 3, 6 or 9 h after H2O2 treatment. Cells were stained with rabbit anti-XRCC1 antibody as described in
Materials and Methods. Images were captured with a Nikon TE2000 microscope at 600� magnification with five laser imaging modules and a CCD camera
(Hamamatsu). (C) Average number of foci observed per cell, minimum number of cells analyzed for each time point was 10 cells. Significant P-values
between the normal and RTS cells were 0.024, 0.044, 0.0031 and 0.001 for the 0, 3, 6 and 9 h points, respectively.

Figure 3. Endogenous levels of FapyG and 8-oxoG in RTS cells. DNA was isolated from normal control, GM00323 and RTS fibroblasts, AG5013, digested with
P1 nuclease and alkaline phosphatase, then analyzed by GC-MS for FapyG (A) or 8-oxoG (B) as described in Materials and Methods. Values indicated are
modified residues per 106 bases.
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FEN1, were examined in HeLa cells using an immunohisto-
chemical approach. The results show that RECQL4 is present
in the cytoplasm and nucleus and that it re-localizes to the
nucleolus in response to oxidative stress (Fig. 4), which is con-
sistent with previous findings (28). Furthermore, RECQL4
grossly co-localizes with APE1, and FEN1 in the nucleus in H2-

O2-treated cells (Fig. 4). In the case of POL b, there was a con-
comitant increase in the nuclear protein expression levels
following H2O2 treatment, but we were unable to resolve clear
foci. We also find a co-localization of RECQL4 to mitochondria
(data not shown). These results are consistent with the possibility
that RECQL4 participates in BER.

Figure 4. Immunohistochemical localization of RECQL4, APE1, POL b and FEN1 in HeLa cells treated with H2O2. HeLa cells were incubated in the presence
or absence of 100 mM H2O2 for 30 min and then fixed. Cells were stained for DAPI, RECQL4 and APE1, POL b or FEN1, as described in Materials and
Methods.
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RECQL4 stimulates APE1 endonuclease activity

APE1 is the major BER AP endonuclease. We examined
whether RECQL4 stimulates APE1 incision activity in vitro,
using a 34 bp dsDNA oligonucleotide substrate with a tetra-
hydrofuran abasic site analog at position 16. In the presence
of �0.05 nM APE1, which incises �10% of input DNA sub-
strate under the conditions tested, RECQL4 (5 nM) stimulated
APE1 endonuclease activity �4-fold, with higher stimulation
at higher concentrations of RECQL4 (Fig. 5A and B). No
stimulation was observed with heat-inactivated RECQL4
(Fig. 5A, lane 6), and RECQL4 had no intrinsic AP site
incision activity (Fig. 5A, lane 7).

Previous studies show that the N-terminal 35 amino acids of
APE1 are required for its interaction with WRN, but are not

required for APE1 endonuclease activity (48). Therefore, a
mutant of APE1 lacking the first 29 amino acids (DN29
APE1) was tested for its ability to interact with and be stimu-
lated by RECQL4. The results show that RECQL4 does not
stimulate DN29 APE1 (Fig. 5C, lanes 8–11), suggesting that
RECQL4 may interact physically with the N-terminal region
of APE1 to activate its endonuclease function.

RECQL4 modulates POL b catalytic activity

POL b is the primary DNA polymerase for BER. Thus, we
also examined whether RECQL4 stimulates POL b nucleotide
insertion and strand displacement DNA synthesis activities
in vitro using a 34 bp gapped dsDNA substrate. The results

Figure 5. Effect of RECQL4 on APE1 endonuclease activity. (A) APE1 incision assays were carried out using a 34 bp dsDNA substrate containing a tetrahydro-
furan at position 16. APE1 (20 pg; �55 fM) was added as indicated before addition of the indicated amount of RECQL4. Asterisk indicates heat inactivation.
(B) APE incision assays were quantified and average percent incision was calculated using data from three experiments. (C) AP incision assays were carried out
with DN29 APE1 in the presence or absence of RECQL4. Plus symbol indicates addition of 2.5 pg DN29 APE1 or 20 pg of APE1, prior to addition of the
indicated amount of RECQL4.
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show that RECQL4 stimulates primer extension and strand
displacement DNA synthesis by POL b in a dose-dependent
manner (Fig. 6). Heat-inactivated RECQL4 did not stimulate
POL b and RECQL4 has no intrinsic nucleotide insertion or
DNA strand displacement activity (Fig. 6, lanes 8–9).

RECQL4 stimulates FEN1 incision activity

FEN1 endonuclease is required to remove DNA flaps (ssDNA
50-protruding ends) generated by DNA strand displacement
synthesis during long patch BER. Here, we examined
whether RECQL4 stimulates FEN1 incision activity in vitro
using a DNA substrate with a 1- or 10-nucleotide flap
(Fig. 7). The results show that RECQL4 stimulates FEN1
incision activity on both DNA substrates in a dose-dependent
manner. RECQL4 (2.5 nM) stimulated FEN1 (5 nM) incision
of the 1-nucleotide flap DNA substrate �6-fold (Fig. 7A
and B), and RECQL4 (10 nM) stimulated FEN1 (20 nM)
incision of the 10-nucleotide flap �4.3-fold (Fig. 7C and D).
RECQL4 has no intrinsic flap endonuclease activity
(Fig. 7A, lane 8).

Microarray analysis

Three normal, GM00323, GM00969, GM01864 and three
RTS, AG18371, AG05013, AG17524, cell lines were assessed
for their ability to respond to oxidative stress induced by treat-
ment with 25 mM menadione for 1 h. Cells were harvested
immediately or 6, 12 or 24 h after treatment. As we had
done previously (49), the mRNAs were pooled from the
three samples in an attempt to minimize inter-individual varia-
bility. Pooled mRNAs were hybridized to the 23 k gene Illu-
mina’s Sentrix HumanRef-8 v2 Expression BeadChips
(Illumina) three times and the results were consistent. While
we recognize that many of the proteins below have roles in
other DNA metabolic processes, we elected to focus on
those genes whose gene products play a major role in the
repair of oxidative DNA damage through either the short or
long patch BER pathway. Specifically, OGG1, NTH1,

NEIL1, UNG, APEX1, POLB, POLD, FEN1, LIG1, LIG3
AND XRCC1 gene expression profiles were evaluated in
normal (N) and RTS (R) cells (Fig. 8). Gene expression
profile changes for the individual genes are depicted in the
heat map and are clustered as a function of time after treatment
(Fig. 8A). Initially, the RTS cells over-express the BER genes
relative to normal cells (no treatment RTS/no treatment
normal, R0/N0, lane, Fig. 8A). However, after menadione
treatment the RTS cells show a general trend to down-regulate
the BER genes. Gene set analysis, as opposed to individual
gene profile analysis, has been shown to be more sensitive
at identifying significant biological changes (50). By the
gene set analysis approach, at time zero, the RTS cells
up-regulate BER genes relative to normal cells and this is
highly statistically significant, BER pathway Z-score R0/N0
2.6 and P-value 3.6 � 1026. For the pathway analysis, if the
P-value was ,0.05 then the pathway changes were considered
statistically significant. For each cell line, the N0 and R0 ratios
were set to zero and the response of the cells to menadione
was plotted (Fig. 8B). After treatment, the normal cell lines
up-regulated the BER genes while the RTS cell lines fail to
respond in a similar manner (Fig. 8B). Six hours after mena-
dione the data is not statistically significant, P-value 0.19,
however, at both the 12 and 24 h time points there is a statisti-
cally significant difference between the normal and RTS cell
lines, P-values 0.018 and 0.006 for the 12 and 24 h time
points, respectively. Thus, the RTS cells display an elevated
level of BER genes without treatment and failed to respond
appropriately upon oxidative stress. These data also support
our proposal that the RTS cells are experiencing endogenous
DNA damage that needs to be repaired by BER and further-
more, that the RTS cells fail to respond appropriately after oxi-
dative stress.

In addition to the BER genes listed earlier, we also analyzed
expression patterns of all DNA repair genes. The DNA repair
gene set (176 genes) was derived from the Broad Research
Institute at MIT and the gene expression profile pattern for
each DNA repair gene is shown in Supplementary Material,
Fig. S1 and summarized in Supplementary Material,
Table S1. As can be seen in the heat map, not all DNA
repair genes are dysregulated. The relative gene expression
profiles between the RTS and normal cells are shown in the
R0/N0 lane (Supplementary Material, Figs 1 and 8C and D).
Note many genes are up-regulated (red) in RTS cells at time
zero relative to the normal controls, R0/N0 lane. Ten of the
top genes whose profiles change the most after menadione
treatment, either up- or down-regulated, are shown in
Fig. 8C and D, respectively. The heat maps were clustered
based on time after menadione treatment and normalized
back to the expression level of each gene at time zero for
the respective cells. These results demonstrate that the RTS
cells do not show a general decline of all gene expression pro-
files but rather that the cells are capable of up-regulating some
DNA repair genes after stress (Fig. 8D).

DISCUSSION

This study shows that RTS and RECQL4 knockdown cells
accumulate higher levels of H2O2-induced DNA damage

Figure 6. Effect of RECQL4 on POL b DNA synthesis activity. Increasing
amounts of RECQL4 protein were added to reaction mixtures containing
12.5 nM DNA and 1 nM POL b where indicated. RECQL4 concentrations
were 0, 0.75, 1.5, 3 and 6 nM. Filled triangle indicates heat inactivation.
Assays were performed as described in Materials and Methods.
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than control cells (Figs 1 and 2). RTS cells also have a higher
level of basal and H2O2-induced XRCC1 foci (Fig. 2) and
have higher basal levels of FapyG and 8-oxoG (Fig. 3),
suggesting that a RECQL4 deficiency is associated with
defective repair of oxidative DNA damage and may exhibit
a hyper-oxidation phenotype. While survival assays after
H2O2 treatment showed variability, the RTS cells tended to
be more sensitive to H2O2 than normal cells (data not
shown). However, RTS cell line AG05013 was more sensitive
to another oxidative damaging agent, menadione (Supplemen-
tary Material, Fig. S2). Interestingly, WRN-deficient cells also
accumulate specific oxidative DNA damage (51) and have a
pro-oxidant phenotype (52,53). Furthermore, WRN cells are
not hypersensitive to g-irradiation, which generates oxidative
damage and double strand breaks (54).

Additional support for the involvement of RECQL4 in the
repair of oxidative DNA damage is provided by the fact that
RECQL4 stimulates the enzymatic functions of three BER
proteins, APE1, POL b and FEN1 in vitro (Figs 5–7) and
shows gross co-localization with APE1 and FEN1 in the
nucleus of cells after oxidative DNA damage (Fig. 4). Specifi-
cally, we found that the N-terminal 29 amino acids of APE1
are required for the interaction with RECQL4 (Fig. 5C);
although WRN also interacts with this region of APE1,
WRN does not stimulate APE1 incision activity in vitro
(48). In total, RECQL4 may promote repair of oxidative
DNA damage by activating BER. To our knowledge, this is
the first report to describe functional protein interactions
between RECQL4 and BER proteins.

Approximately one-third of RTS patients develop osteosar-
comas at a median age of 11.5 years (1) and all genotyped
RTS patients with osteosarcoma have a RECQL4 mutation
(3). Both WS and RTS patients suffer from a high incidence
of sarcomas, whereas BS patients display a broader spectrum
of cancers, similar to what is seen in the general population at
a later stage in life. The observation that both RECQL4 and
WRN affect BER protein function might suggest that BER
needs tight regulation in order to avoid malignancy.

APE1 is somewhat overexpressed in osteosarcomas (55), as
well as colon, prostate, cervical and ovarian cancer (56), and
is linked to radio- and chemoresistance during cancer therapy
(57,58). In our gene expression profiling, APE1 (a.k.a.
APEX1) was up regulated in RTS cells relative to normal
cells (Fig. 8A). The etiology and mechanism of APE1 overex-
pression in these cells is not understood. Conversely, siRNA
knockdown of APE1 can inhibit repair of abasic sites, inhibit
proliferation and induce apoptosis in several cancer cell lines
(59). APE1 knockdown also inhibits growth of ovarian tumor
xenografts (60) and causes hypersensitivity to H2O2 in osteosar-
coma cells (55). Inhibitors of APE1 cause hypersensitivity to
H2O2 in some cancer cell lines (61). Since RECQL4 stimulates
APE1 incision activity at abasic sites in vitro (Fig. 5), RECQL4
could potentially be explored as a novel target for modulating
APE1 activity. Perhaps such compounds could have therapeutic
efficacy against osteosarcomas or other cancers. Clearly,
additional studies are needed to understand how APE1 and
RECQL4 contribute to the development of osteosarcomas in
individuals with RTS (23) and other cancers.

Figure 7. Effect of RECQL4 on FEN1 flap incision activity. FEN1 incision activity was measured using a 1-nucleotide (A and B) or 10-nucleotide (C and D) flap
DNA substrate as described in Materials and Methods. The indicated amount of RECQL4 was added. (B and D) FEN1 incision assays were quantified and
mean+standard error was calculated using data from at least two experiments.
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RECQL4, like WRN and BLM (48,62), stimulates strand
displacement DNA synthesis by POL b (Fig. 6). WRN’s
stimulation of POL b’s activity was dependent on an active
WRN helicase (48,62). Furthermore, we showed that a del-
etion mutant of WRN which contained just the helicase
domain was sufficient for POL b stimulation (48,62). While
RECQL4 has been shown not to have helicase activity under
normal helicase buffer conditions (10), it can have helicase
activity under specialized conditions including the presence
of large excess of single stranded DNA (11). In our exper-
iments, there is only a slight excess of ssDNA, and so we con-
sider it likely that helicase activity of RECQL4 is not required
for POL b strand displacement synthesis. Xu and Liu (11)
stated that the C-terminal domain of RECQL4 had a mild
inhibitory effect on the SFII helicase domain and perhaps
upon interaction with POL b, RECQL4’s helicase could be
transactivated. Thus, while RECQL4 does not appear to
have helicase activity under the conditions of our experimen-
tation, we cannot exclude the possibility that some activity is
present.

RECQL4 (Fig. 7), WRN and BLM (63,64) stimulate FEN1
catalyzed incision of 1- and 10-nucleotide 50-flap structures.
WRN and BLM have similar affinities for FEN1 and the
protein regions responsible for their interaction with FEN1
have been mapped (64). Although RECQL4 shares sequence
similarity to these regions of WRN and BLM (63), RECQL4

does not co-immunoprecipitate with FEN1 from HeLa cells
(data not shown). However, a direct protein interaction was
observed when purified proteins were used (Supplementary
Material, Fig. S3). Thus, RECQL4 could potentially stimulate
FEN1 in vivo in one of the several pathways in which it acts,
including BER, homologous recombination, lagging-strand
DNA replication, re-initiation of stalled replications forks or
telomere stability (42,65,66). Previously, we demonstrated
that WRN’s FEN1 stimulation was independent of WRN heli-
case activity (63). Since the FEN1 incision assays were done
in the absence of ATP, RECQL4’s FEN1 stimulation is not
dependent upon an active helicase, as observed with WRN.

Finally, given the significant role that BER plays in
response to both endogenous and exogenous oxidative
damage, normal and RTS cell lines were assessed for their
ability to respond to oxidative stress produced by 25 mM
menadione. We elected to focus on those genes whose gene
products play a major role in the repair of oxidative damage
through the BER pathway, including those for short and
long patch BER. The gene expression profiles for OGG1,
NTH1, NEIL1, UNG, APEX1, POLB, POLD, FEN1, LIG1,
LIG3 and XRCC1 were assessed 6, 12 or 24 h after the 1 h
menadione treatment (Fig. 8). The analysis revealed that the
RTS cells displayed an up-regulation of BER genes without
stress treatment and failed to respond like the normal cell
lines following oxidative stress. RTS cells showed a general

Figure 8. BER pathway analysis of microarray data. (A) Clustering of RNA expression patterns for select BER genes observed after no treatment (R0/N0) or
after treatment with 25 mM menadione and harvested at 6, 12 or 24 h later. (B) Relative BER pathway gene expression changes for 11 BER proteins, OGG1,
NTH1, NEIL1, UNG, APEX1, POLB, POLD, FEN1, LIG1, LIG3 and XRCC1, were analyzed and are displayed. The relative RTS versus normal signal is
plotted as a function of the time when the samples were harvested. All points were statistically significant (�) except the 6 h point in the normal cells.
A P-value of 0.05 was considered statistically significant. (C and D) Cluster analysis of the top 10 most up- or down-regulated DNA repair genes after menadione
treatment. R0/N0, ratio of z-scores of RTS to normal cells. Nx/N0 or Rx/N0, ratio of z-scores of normal (N) or RTS (R) relative to z-score at time zero (N0 or
R0), where x represents the time of harvest after menadione treatment, 6, 12 or 24 h.
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down-regulation of BER genes. A previous microarray analy-
sis using MCF7 breast cancer cells and menadione reported
that genes for FEN1 and uracil DNA glycosylase were down-
regulated in response to 25 mM menadione (67). In normal
cells, we observed the same phenomenon for FEN1 at the
12 and 24 h points; however, the RTS cells showed little or
no change in FEN1 expression after menadione treatment
(Fig. 8A). In contrast, our normal and RTS cells displayed a
differential response with respect to UNG, and the overall
Z-ratio changes for UNG in both the normal and RTS cells
were ,1.5. The Z-ratio changes were not .1.5 for several
of the BER pathway genes and thus the reason we elected to
do the pathway analysis rather than the individual gene
expression profiling. The gene set enrichment analysis strategy
used here has been shown to improve the analysis of mini-
mally changed gene expression profiles (50). The assumption
behind this type of analysis is that the statistical significance of
co-regulated genes will be greater than that for individual
genes in a given set. As discussed earlier, in untreated
normal and RTS cells there is a highly statistically significant
difference in the expression of the BER pathway genes,
P-value 3.6 � 1026. It seems likely that the RTS cells are
attempting to compensate for the loss of RECQL4 and are
experiencing more endogenous stress.

This paper represents the first biochemical analysis of
RECQL4 that describes three functional protein interactions
that predict a potential role for RECQL4 in modulating core
BER proteins. Due to the elevated levels of XRCC1 foci,
and specific modulation of POL b and FEN1, it is likely
that RTS cells have a defect in SSB repair. Altered BER
regulation seems to be a re-occurring theme among the
human RecQ helicase family, because both WRN and
BLM share many of the same functional protein
interactions and modulate core BER proteins (54). It may
be interesting in future studies to evaluate whether
RECQ1 and RECQ5 also possess the capacity to regulate
the BER process.

MATERIALS AND METHODS

Cell culture

Primary cell lines were obtained from Coriell Cell Reposi-
tories and maintained at 378C and 5% CO2. Normal fibroblast
cell lines used were MRC5, GM00323, GM01864 and
GM00969. RTS cell lines were: AG05013, AG18371 and
AG17524. All lines were initially grown in Eagle’s
Minimum Essential Medium with Earle’s salts and non-
essential amino acids with 15% fetal bovine serum (not inac-
tivated) and 1% penicillin–streptomycin. Normal cells were
maintained in Dulbecco’s modified Eagle’s medium sup-
plemented with 10% fetal bovine serum and 1% penicillin–
streptomycin or AmnioMAX II Complete media (Invitrogen,
CA, USA) while RTS cells were maintained in AmnioMAX II
Complete media. All primary cells were grown in AmnioMAX
II Complete media prior to and during the experiments. U2OS
and HeLa cells were grown in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum and 1%
penicillin–streptomycin.

Comet assay

The comet assay was performed essentially as described in
Von Kobbe et al. (45). Briefly, comet assays were performed
with MRC5 (wild type) and AG05013 (RTS) cells. Cells were
treated with 500 mM H2O2 for 15 min and analyzed immedi-
ately or washed and incubated in fresh medium at 378C and
5% CO2 for 3 h. Cells were washed with PBS and 300 ml of
mincing solution [1� HBSS (Ca2þ, Mg2þ free), 20 mM

EDTA, 10% DMSO) was added. Cells were scraped, collected
in a 1.5 ml tube, pelleted and resuspended in 50 ml of the
supernatant. Ten microliters of the cell suspension was
mixed with 75 ml 0.5% low melting point agarose (Fisher
Scientific, Fair Lawn, NJ) in 1� PBS and pipetted onto a
slide coated with 1% agarose (IBI, Shelton, CT) and spread
by coverslip. The slide was placed on a pre-chilled aluminum
tray for 5 min, the cover slip removed and an additional 75 ml
of low melting point agarose was added and spread. The slide
was chilled again for 5 min. Slides were then placed in pre-
chilled lysing solution (2.5 M NaCl, 100 mM EDTA, 10 mM

Trizma base, pH 10.0) overnight at 48C. Slides were washed
three times in 0.4 M Tris (pH 7.5; Sigma) and once in 1�
FLARE buffer (Trevigen, Inc.). Cells were treated with
formamidopyrimidine-DNA glycosylase (Fpg) in FPG
FLARE reaction buffer (1� FLARE, 1� BSA, Trevigen,
Inc.) or buffer alone for 1 h at 378C. Slides were incubated
in alkali solution (pH 12.1) for 30 min and then placed in a
horizontal electrophoresis chamber filled with pre-chilled
1� TBE and run for 30 min at 35 V. DNA was stained with
ethidium bromide and viewed on a Zeiss Axiovert 200 M flu-
orescence microscope (Zeiss, Thornwood NY). Olive tail
moment and comet tail length were determined using Komet
5.5 software (Kinetic Imaging, Durham, NC) using the follow-
ing conventions: Tail length¼Tail Extent; Olive tail moment
is defined as the percent of DNA in the tail multiplied by
the distance between the means of the head and tail distri-
butions or (Tailmean2 Headmean) � Tail%DNA/100.

siRNA method

Four RECQL4 siRNAs were purchased from Dharmacon and
screened for knockdown efficiency. 50-CAAUACAGCUUA
CCGUACCAUU-30 RECQL4 siRNA achieved �70% knock-
down of RECQL4, and was selected for use in subsequent
experiments. U2OS cells were transfected with negative
control siRNA (Silencer Negative Control#1, Ambion) or
RECQL4 siRNA (100 nM) using Lipofectamine RNAiMAX
(Invitrogen) according to the manufacturer’s protocol.

Measurement of XRCC1 foci

XRCC1 foci were measured in two control cell lines
(GM00323) and two RTS cell lines (AG05013). Approxi-
mately 25 000 primary fibroblasts were seeded on slides,
grown overnight and then treated with 100 mM H2O2 for
15 min. Cells were washed and incubated for 0 (control), 3,
6 or 9 h, and then immediately fixed and stained with rabbit
polyclonal XRCC1 antibody (Santa Cruz, 1:200) and Alexa
Donkey anti-rabbit 488 secondary antibody. Ten images repre-
senting about 15–20 cells per well were taken using a Nikon

Human Molecular Genetics, 2009, Vol. 18, No. 18 3479



TE2000 spinning disk microscope with five laser imaging
modules and a CCD camera (Hamamatsu). The data were ana-
lyzed using Volocity version 4.3.1 build 6 (Improvision).

Quantification of FapyG and 8-OHdG

DNA was prepared from wild-type control GM00323 cells and
AG05013 RTS cells. Purified DNA was dissolved in water and
samples were blinded. DNA quality and concentration were
determined from the UV spectrum (200 and 350 nm). DNA
(50 mg) was treated with 2 mg E. coli Fpg, ethanol precipitated
and the supernatant was lyophilized, trimethylsilylated and
analyzed by GC/MS as described previously (68,69).
Samples were supplemented with purified homogeneous
8-OHG-13C2,15N2, FapyA-13C,15N2 and FapyG-13C,15N2 as
internal standards. Selected-ion monitoring was used to quan-
tify trimethylsilylated 8-OHG and FapyG, and isotope-labeled
internal standards (70).

Colocalization

HeLa cells were grown overnight on chambered slides to 70%
confluency then treated with 100 mM H2O2 for 30 min in
serum-free medium. Cells were washed with DMEM, incu-
bated at 378C for 5.5 h in DMEM with 10% FBS and anti-
biotics, washed in PBS containing 0.04% Triton X-100 and
fixed in PBS with 4% formaldehyde for 10 min at room temp-
erature. Cells were washed in PBS with 0.04% Triton X-100
once for 2 min, permeabilized in PBS containing 0.2%
Triton X-100 for 10 min, washed with PBS for 2 min and
placed in blocking solution (2% BSA, PBS) for 1 h at room
temperature. Primary antibodies APE1 (abcam abs722,
1:1000), FEN1 (abcam ab462, 1:500), POL b (Life Sciences,
1:500), RECQL4 (Santa Cruz sc-16925, 1:200) were added in
blocking buffer for 1 h at room temperature. Cells were
washed four times with PBS for 5 min and then incubated
with appropriate secondary antibodies (Invitrogen, Alexa
Fluor 594 donkey anti-mouse (A21203) or Alexa Fluor 488
donkey anti-goat (A11055), 1:1000) in blocking buffer for
1 h at room temperature. Cells were washed five times for
2 min with PBS. Slides were mounted with Prolong Gold
with DAPI and cover slips were added. Samples were cured
in the dark for 24 h at room temperature and visualized
using a Zeiss Axiovert 200 M fluorescence microscope.

DNA and protein

Oligonucleotides were synthesized by Integrated DNA Tech-
nologies (Coralville, IA). RECQL4 protein was purified as
described (10). APE1, truncated D29 APE1, POL b and
FEN1 were purified as described (71). An expression construct
for DN29 APE1 was generated as follows: the human APE1
coding sequence was PCR amplified from the pET-APE
plasmid DNA (71) to remove the first 29 amino acids residues
of the N-terminus using PCR primers TRUNCATEAPE29,
50-CAT GCC ATG GCA AAG AAA AAT GAC AAA GA-30,
and BAM30APE1, 50-CGG GAT CCT CAC AGT GCT AGG
TA-30. The PCR product was subsequently digested with NcoI
and BamHI, and subcloned into the corresponding restriction
sites of pET11d (Novagen). DN29 APE1 was expressed as

described previously (71), with minor modifications due to
different elution profile during S cation exchange chromato-
graphy. All proteins were judged to be greater than 95% pure
as judged by SDS–PAGE analysis.

APE1 incision assay

The DNA substrate was prepared by annealing the following
oligomers: 34G, 50GTA CCC GGG GAT CCG TAC GGC
GCA TCA GCT GCA G 30 and 34F, 50 CTG CAG CTG
ATGCGC FGT ACG GAT CCC CGG GTA C 30. 34F con-
tained the base analog tetrahydrofuran (designated as F) and
was 50- 32P end-labeled. Reaction mixtures (10 ml) were incu-
bated on ice in buffer containing 50 mM HEPES-KOH pH 7.4,
50 mM KCl, 10 mM MgCl2, 0.05% Triton X-100, 100 mg/ml
BSA and 5% glycerol. APE1 (�55 fM) followed by
100 fmol DNA substrate were added, incubated on ice for
3 min, and then RECQL4 was added and samples were incu-
bated at 378C for 10 min. The reaction was stopped by the
addition of 10 ml of formamide buffer [95% (v/v) formamide,
20 mM EDTA, 0.1% (w/v) bromophenol blue and xylene
cyanol]. Samples were analyzed by electrophoresis on a
20% TBE-urea denaturing, polyacrylamide gel. At least
three experiments were performed; data are presented as
mean+standard error.

POL b DNA synthesis assay

POL b DNA polymerase activity was assayed by measuring
nucleotide insertion into a gapped DNA substrate made by
annealing an upstream primer, 50CTG CAG CTG ATG CGC
30, and a downstream primer, 50GTA CGG ATC CCC GGG
TAC 30, to a complementary 34-bp oligonucleotide, 50GTA
CCC GGG GAT CCG TAC GGC GCA TCA GCT GCA G
30. The 50-end of the upstream primer was radiolabeled with
32P. The reaction was performed in buffer containing 50 mM

HEPES-KOH, pH 7.5, 20 mM KCl, 2 mM DTT, 4 mM ATP,
10 mM MgCl2 and 20 mM dNTP. The indicated amounts of
POL b were incubated with 12.5 nM DNA substrate in a
final volume of 10 ml. The reaction mixtures was assembled
on ice, transferred to 378C and incubated for 25 min. The reac-
tion was stopped by adding 10 ml formamide loading buffer,
heating to 958C for 5 min, and samples were analyzed on a
15% TBE-Urea denaturing, polyacrylamide gel. The exper-
iment was repeated three times.

FEN1 incision assay

DNA substrates were constructed by annealing an upstream
primer (50CTG CAG CTG ATG CGC 30) and a downstream
oligonucleotide, either flap1, 50ACG TAC GGA TCC CCG
GGT AC 30 or flap10, 50GGT AGG TAA ACG TAC GGA
TCC CCG GGT AC 30 to a complementary strand (50GTA
CCC GGG GAT CCG TAC GGC GCA TCA GCT GCA
G-30). The downstream oligonucleotide was labeled on the 50

end with 32P. Assays were performed with 1 nM DNA sub-
strate and the indicated amount of protein in a final volume
of 10 ml containing 20 mM HEPES, pH 7.5, 50 mM KCl,
0.5 mM DTT, 5 mM MgCl2, 0.05% Triton X-100, 100 mg/ml
BSA and 5% glycerol. Reactions were carried out at 378C
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for 15 min and stopped by adding 10 ml formamide loading
buffer and heating at 908C for 5 min. Samples were analyzed
on a 20% TBE-Urea denaturing, polyacrylamide gel. Exper-
iments were repeated 2–3 times; results are presented as
mean+standard error.

Microarray analysis

Normal, GM00323, GM00969, GM01864, and RTS fibroblast
cells, AG18371, AG05013, AG17524, were grown in GIBCO
AmnioMAX II complete medium (Invitrogen). At �70% con-
fluency, the cells were treated with 25 mM menadione, pre-
pared in media, for 1 h then washed once with 5 ml PBS.
Conditioned media, 5 ml, was returned to the plates then the
cells were cultured in a 378C incubator until they were har-
vested. Cells were harvested after 6, 12 or 24 h. The control
cells were manipulated as the experimental except no drug
was added.

Total RNA was extracted from the normal and RTS fibro-
blast cells using QIAGEN RNeasy Mini Kit according to the
manufacturer’s protocol. The quantity of recovered RNA
was assessed using the NanoDrop ND-1000 Spectropho-
tometer. The quality of the RNA samples was assessed using
an Agilent BioAnalyzer (Agilent Technologies) and was
equivalent across all samples analyzed. As we did before
(49), in order to reduce the inter-individual variability, RNA
from the three normal cell lines were pooled and likewise
for the three RTS cells. These pooled RNAs were then used
for the microarray experiment.

A 0.5 mg aliquot of total RNA from the pooled normal or
RTS cell lines was labeled using the Illumina Total Prep
RNA Amplification kit (Ambion). A total of 0.85 mg of biotin-
labeled cRNA was hybridized for 16 h to the 23 k gene Illumi-
na’s Sentrix HumanRef-8 v2 Expression BeadChips (Illu-
mina). The arrays were washed, blocked and then
hybridized. Biotinylated cRNA was detected with
streptavidin-Cy3 and quantitated using Illumina’s BeadStation
500GX Genetic Analysis Systems scanner. Image processing
and data extraction were performed using BeadStudio ver.
15 (Illumina).

Microarray data were analyzed using DIANE 6.0, a spread
sheet-based microarray analysis program. Raw microarray
data were subjected to Z normalization and tested for signifi-
cant changes. Genes were determined to be differentially
expressed after calculating the Z-ratio and false discovery
rate. Individual genes with P-value ,0.001, Z-ratio .2 and
false discovery rate ,0.3 were considered significantly
changed. Ingenuity pathways analysis (IPA) (Ingenuity
System) was used to identify biological networks with the
greatest number of differentially expressed genes. For each
network or pathway, probability scores were calculated
using the right-tailed Fisher’s exact test. For the pathway
analysis, a P-value of ,0.05 was considered statistically sig-
nificant.

RECQL4:FEN1 interaction

HeLa cells, 1 � 106, were transfected with 5 mg of
pCMV23-3 � FlagRECQL4. This vector has been described
previously (27). Twenty-four hours after transfection, the

cells were lysed with RIPA buffer supplemented with
500 mM NaCl. The lysates were rotated for 4 h at 48C, vigor-
ously shaken then centrifuged at 16 000g for 20 min at 48C.
The clarified lysate was subjected to Flag antibody immuno-
precipitation. After an overnight incubation, the beads were
washed five times with 1 ml of RIPA buffer supplemented
with 500 mM NaCl. The beads were washed twice with
RIPA buffer then purified FEN1 (1 mg) was added. The pro-
teins were allowed to incubate together for 4 h with rotation,
and then the beads were washed with 1 ml of RIPA buffer sup-
plemented with 300 mM NaCl five times. Rabbit anti-Flag
(Sigma) and rabbit anti-FEN1 (Trevigen) were used to visual-
ize the individual proteins by western blotting.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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